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Abstract : K Banerjee (1933) offered a new way to approach the crystallogrd|ihic phase problem which not only broke new ground beyond the 
trial and error' structure solution method of that time, but also heralded the extrerifely powerful direct methods of crystallogiaphy of the modern era 
Iroin the 1970s onwards in chemical crystallography. Some 200,000 crystal structures are known today More complex crystal structures such as 
proictns required new experimental and theoretical methods to solve the phase problem. These arc still evolving and new methods and results involving 
\vnchrotron radiation at softer X-ray wavelengths (2A) are reported, In addition aa overview is given of the new opportunities that are possible for 
hioUtgical and chemical crystallography especially via harnessing SR and neutron beams
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1. Introduction and cross-disciplinary connections : from 
physics to biology and chemistry
N e w  o p p o r tu n it ie s  in  b io lo g ic a l an d  c h e m ic a l c ry s ta llo g ra p h y  
a r i s in g  f ro m  p h y s i c s  b a s e d  d c v e lo p m c n ls  in  s y n c h r o t r o n  
ra d ia tio n  a n d  n e u tro n  b e a m  p ro d u c t io n  a re  a t an  e x c it in g  s tag e . 
T h e  s y n e r g y  b e t w e e n  d e v e l o p m e n t s  in  o n e  a r e a  o f  
c ry s ta l lo g ra p h y  a n d  a n o th e r  is o f  g re a t in te re s t . T h is  a r tic le  
d e s c r ib e s  th e s e  sy n e rg is t ic  d e v e lo p m e n ts .  It is an  h o n o u r  to  b e  
a w ard ed  the  I^ o fc sso r  K. B an e rje e  M em o ria l L ec tu re  S ilv er M ed al 
a s  p a r t  o f  th e  b ir th  c e n te n n ia l  c e le b ra t io n s  fo r  th is  p io n e e r  o f  
c r y s ta l lo g ra p h y . T o  g a u g e  th e  h o n o u r ,  I n e e d  o n ly  c i te  h is  
s e m in a l p a p e r  o n  d ire c t m e th o d s  [ I ] i.e. p re -d a tin g  by  n e a r ly  20  
y e a rs  th e  n e x t p a p e rs  o n  d ir e c t m e th o d s  a n d  w h ic h  le d  to  th e  
N o b e l P r iz e  in  C h e m is try  in  1985 to  H . H a u p tm a n n  [2] a n d J .  
K a rle  [3 ] . T h e  c o m p e n d iu m  o f  B a n e r j e e p u b l i c a t i o n s  [4] 
s h o w s  b r e a d t h  to o  c o v e r i n g  e x p e r i m e n t a l  t e c h n i q u e s  in  
c ry s ta l lo g ra p h y  a n d  d if f r a c t io n , s t ru c tu ra l c h e m is try  a n d , a s  
r e f e r r e d  to  a b o v e , th e  m a th e m a t ic a l  a n d  p h y s ic a l  b a s is  o f  
d if f ra c t io n  a n d  th e  c ry s ta l lo g ra p h ic  p h a s e  p ro b le m . A n o th e r  
fa m o u s  c o n n e c t io n  f o r  P ro f e s s o r  B a n e r je e  in  th e  h is to ry  o f  
c ry s ta llo g ra p h y  is  th a t h e  w o rk e d  w ith  S ir  W .H . B ra g g  in  th e  
19 3 0 s . W . H . B ra g g , w in n e r  o f  th e  N o b e l P rize  in  P h y s ic s  in  1915 
w ith  h is  so n  W . L . B ra g g , in v e n te d  th e  fo u r -c irc le  d iffra c to m e te r, 
a  m o s t fa m o u s  e x a m p le  o f  p h y s ic s  a n d  in s tru m e n ta tio n  fu r th e rin g  
c ry s ta l lo g ra p h ic  sc ie n c e . T h is  h is to r ic a l c o n te x t , o f  sy n e rg ie s  
b e tw e e n  s c i e n t i f i c  f i e l d s ,  s h o w s  t h a t  c r o s s - d i s c i p l i n a r y  
c o n n e c t io n s  in  crystallc& graphy w e re  c o m m o n  th e n , a s  th e y  a re  
no w . T h is  a r t ic le  e x p lo r e s  m o d e rn  e x a m p le s  o f  su c h  sy n e rg ie s . 
F ig u re  1 s h o w s  p h o to s  o f  P ro f e s s o r  K . B a n e r je e .
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2. AnomalcMis scattering and tuneable synchrotron radiation 
( S R ) ; recent examples involving softer X-rays
T h e  p h a se  p ro b le m  o f  c ry s ta llo g ra p h y  a r is e s  b e c a u s e  it is  n o t 
p o s s ib le  to  re c o rd  th e  p h a s e  o f  a  ‘B ra g g  re flec tio n *  w ith  r e s p e c t 
to  th e  in c id e n t b e a m . T h e  d e s ire d  e x p e rim e n ta l ‘p h a se  sensitive*  
d e te c to r  a t X -ra y  f r e q u e n c ie s  d o c s  n o t e x is t .  In s te a d , so m e  w ay  
h a s  to  be  fo u n d  fro m  th e  m e a s u re d  in te n s i t ie s  a lo n e  to  o b ta in  
th e  p h a se s  w h ic h  a rc  th e n  u se d  in  th e  F o u r ie r  s e r ie s  s u m m a tio n  
to  o b ta in  th e  e le c tro n  d e n s i ty  d is tr ib u tio n  in  th e  c ry s ta l  u n it 
c e ll .  B a n e r je e ’s in s ig h t  [1 ] th a t  a n  ‘a lg e b r a ic  rc la tio n .sh ip *  
b e tw e e n  th e  p h a se s  o f  s e v e ra l r e f le c t io n s  m ig h t e x is t  is th e  c o re  
id e a  o f  th e  ‘d ir e c t m e th o d s ’ . B a n c r je e , in a  re v ie w  w rit te n  in  
I9 6 0  [5 ], d e s c r ib e d  d ir e c t  m e th o d s  as  c i th e r  a lg e b ra ic  (i.e. lik e  
h is  a p p ro a c h )  o r  s ta tis tic a l Le. p ro b a b ilis t ic  ( l ik e  th e  m e th o d s  o f  
K arle  an d  H a u p tm a n n  [ 2 , 3 1). T h e  tw o  a rc  v e ry  clo.sely c o n n e c te d  
in p r in c ip le . B o th  a p p ro a c h e s  s u f fe r  f ro m  b e in g  “ to o  w e a k ’ to  
b e  a p p lie d  to  la rg e  s tru c tu re s ;  B a n e r je c  c e r ta in ly  d id  n o t p u rs u e  
h is  a p p ro a c h , a s  h e  s a id  [5 ] , fo r  th a t re a s o n . C ry s ta l  s tru c tu re s  
in v o lv in g  th e  p la c e m e n t a n d  a s s ig n m e n t o f  u p to  2 0 0  a to m s  a rc  
n o w  ro u tin e ; so m e  2 0 0 ,0 0 0  c h e m ic a l c ry s ta l s tru c tu re s  h a v e  b een  
so lv e d  to d a y . Is  th e re  su c h  a  p o s s ib il i ty  fo r  c o m p le x  s tru c tu re s
i.e. o f  p r o te in s ?  C u r r e n t ly  th e re  a re  1 2 ,0 0 0  p ro te in  c r y s ta l  
s tru c tu re s  in  th e  P ro te in  D a ta  B a n k  (P D B ), o f  w h ic h  =« 2 0 0 0  a re  
d is t in c t  s t ru c tu re s  {i.e. e x c lu d in g  g e n e tic  m u ta n ts  o r  re la te d  
c r y s ta l  f o r m s ) .  T h e  c h e m is t r y  b a s e d  p h a s in g  a p p r o a c h  o f  
m u l t ip le  i s o m o r p h o u s  r e p l a c e m e n t  (M I R )  o f  h e a v y  a to m  
su b s titu tio n  a n d  m u ltip le  d a ta  .set m e a s u re m e n ts  f ro m  se v e ra l 
c ry s ta ls  w a s  d e v e lo p e d  b y  K e n d re w  a n d  P e ru lz  in  C a m b r id g e  
th ro u g h  th e  m id  to  la te  1 9 5 0 s  a n d  w a s  th e  m a in s ta y  o f  ‘d e  n o v o ’ 
p ro te in  c ry s ta l s tru c tu re  d e te rm in a tio n  in  th e  19 6 0  -  1990  p e rio d . 
T h is  s i tu a t io n  h a s  c h a n g e d  w ith  th e  a d v e n t o f  p o ly c h ro m a tic  
S R  w h ere  a  m u ltip le  w a v e le n g th  a n o m a lo u s  d isp e rs io n  a p p ro a c h , 
b a s e d  o n  m e a s u r e m e n ts  f ro m  a  s in g le  c ry s ta l  o f  a  p ro te in  
c o n ta in in g  a  su i ta b le  a n o m a lo u s  sc a t tc re r , b e c o m e s  p ra c t ic a l .  
S u c h  a  fo rm a lism , b a se d  o n  a  m in im u m  o f  tw o  w a v e le n g th s  ( A | 
an d  A 2 ) an d  th re e  e x p e r im e n ta l m e a s u re m e n ts  ( F A ,^ , F A ,“ an d  
F A 2 “^ o r  F A 2 " ,  w h e re  (+ )  r e f e r s  to  a n  hkl r e f le c t io n  a n d  ( - )  
re fe rs  to  its  in v e rse  r e f le c t io n  hkl o r  th e ir  c ry s ta l  sy m m e try  
e q u iv a le n ts )  w a s  d e s c r ib e d  a s  e a r ly  a s  1 9 5 6  b y  O k a y a  a n d  
P e p in s k y  [6 J . A n  ‘a lg e b r a ic  a p p ro a c h *  b y  K a r le  [71 a n d  
H e n d r ic k s o n  [81 o r  a  t r e a tm e n t a n a lo g o u s  to  M IR  (s e e  H e lliw e ll 
[9 , 1 0 ]) h a v e  m a d e  th e  ‘o n e  c ry s ta l*  a p p ro a c h  v e ry  e f fe c tiv e . 
T h is  is  re a d ily  a p p lic a b le  d u e  to  tw o  fa c to rs ; f irs tly  so m e  4 0 %  o f  
a ll p ro te in s  a rc  m e ta l lo p ro te in s ,  w h e re  th e  m e ta l a n o m a lo u s  X - 
ra y  d is p e r s io n  c a n  b e  h a r n e s s e d  o r , s e c o n d ly ,  th e r e  is  th e  
p o s s ib il i ty  o f  p r e p a r in g  s e le n o m e th o n in e  su b s t i tu te d  p ro te in s , 
w h e re  th e  S e  K  e d g e  is  w e ll p la c e d  a t  A =  0 .9 8 A  [ 1 1 ]. T h e se  tw o  
f a c to r s  a lo n g  w ith  th e  s t e a d y ,  c o n c e r t e d ,  d e v e lo p m e n t  o f  
in s tru m e n ts  a t  S R  fa c i l i t ie s  c a p a b le  o f  M A D  m e a s u re m e n ts , 
h a s  o p e n e d  u p  th e  p ro s p e c t  o f  v e ry  la rg e  n u m b e rs  o f  p ro te in  
s t ru c tu r e s  b e in g  d e te r m in e d , e v e n  o n  a  g e n o m e  s c a le  i.e. o n e  
b e a m  lin e  a lo n e  d e liv e r in g  h u n d re d s  o f  p ro te in  s t ru c tu re s  p e r  
y e a r  a lre a d y  [ 1 2 ,1 3 ] .
T h e s e  d e v e lo p m e n ts  h a v e  b e e n  f a c i l i ta t e d  via th e  low 
c m itta n c e  o f  th e  e le c tro n  s to ra g e  r in g  a l lo w in g  h ig h  b rillian ce  
X -ra y  e m is s io n . T h is  y ie ld s  a  f in e ly  fo c u s se d  b e a m . F reez in g  ol 
a  p ro te in  c ry s ta l p re s e rv e s  th e  c ry s ta l  s a m p le  a g a in s t irrad ia tio n , 
a lth o u g h  n o t in d e f in i te ly , u s u a lly  a l lo w in g  a  fu ll s e t  o f  M A D  
d a ta  f ro m  o n e  c ry s ta l .  B u t w ith  to o  b ig  a  c ry s ta l  th e  sa m p le  can 
b re a k  u p  o n  f r e e z in g  a n d  th e  d if f r a c t io n  p a tte rn  is  th e n  spoilt 
(F ig u re  2 ) . H e n c e , a  f in e  fo c u s  b e a m  fro m  a  h ig h  b r i l l ia n c e  SR 
s o u rc e  is  im p o r ta n t. S m a ll  c ry s ta l  s iz e  is  a ls o  e m e rg in g  as a 
re g u la r  fe a tu re  o f  h ig h  th r o u g h p u t 's t ru c tu ra l g e n o m ic s ' p ro tein  
c ry s ta llo g ra p h y  p ilo t  p ro je c ts  w h e re  ‘m ic ro c r y s ta l s ’ a re  c ited  as 
a  fre q u e n t p ro b le m . T h ird  g e n e ra t io n  h ig h  b r i l l ia n c e  S R  X-ra> 
so u rces  su c h  as  E S R F  in G re n o b le , A P S  in C h ic a g o  an d  S PR IN G  
8 in  J a p a n  h a v e  re d u c e d  th e  s a m p le  s iz e  th a t c a n  b e  u se d  to  the 
2 0  m ic ro n , o r  le s s , s iz e  ra n g e , w h e n  w o rk in g  a t 1A  w a v e len g th  
F u r th e r  o p tim is a t io n  via th e  w a v e le n g th  is  p o s s ib le  i.e. to  allow 
e v e n  s m a lle r  c ry s ta ls  to  b e  s tu d ie d  ; th e  d if f r a c t io n  energy , 
, in to  a  r e f le c t io n  c a n  b e  d e s c r ib e d  b y  th e  fo l lo w in g  
e x p re s s io n  114]
h^LI — ■
V.
^hu  2 4 m c Q)
h,X^LPA - ^ \ F ( h ) (I)
Figure 2. (a) Correct choice of crystal sample sire is important tot 
freezing. Diffraction pattern (a) involved loo big a cry.slal (0 5 rnrn to OK 
mm in size, minimum to maximum) and yielded high mosaicity and split 
spots, (b) shows sharp, single spot.s (not split) from a crystal of 0.2 mm 
size and from which a full data set could be recorded and processed to 
1.2^. Work by J. R. HelliweU. P. Faulder and R. Nutlall at IMCA, APS. 
Chicago m collaboration with J. H. Naismith and D. Moothoo (sample 
disaccharide bound concanavalin A) Methods to reach atomic resolution 
but at room temperature, which is after all. closer to physiological 
temperature, seek to improve reflection peak to background by combining 
the SR beam near parallel collination with low mosaicity crystals 161] 
Hence, the link between crystal growth, data collection and structural 
detail is made [62]. Hence, one can readily see how high brilliance Sr X 
ray sources, and their gradual evolution these last 20 years [63] has had 
such a profound effect on the data collection capability in protein 
crystallography structural studies.
, S in c e  th e  L o re n tz  fac to r, L , is p ro p o r tio n a l to  I /  A th e  overall 
p ro p o r t io n a l i ty  o n  th e  w a v e le n g th ,  A is . T h u s  s o f te r  X -ray s 
c a n  fa v o u ra b ly  e n h a n c e  th e  d if f ra c t io n  f ro m  y e t sm a lle r  cry s ta ls  
(Le. sm a ll c ry s ta l v o lu m e  V p. T h e re  is a  sm a ll p e n a lty  o f  u tilising  
a  lo n g e r  w a v e le n g th  in  h a v in g  a  le s s  f a v o u ra b le  m o n o c h ro m a to r  
tra n sm is s io n  p o la r iz a t io n  c o r re c tio n  b u t o v e ra l l  a n  in c re a se  from  
IA to  2 .sA w a v e le n g th  o f f e r s  a n  o rd e r  o f  m a g n i tu d e  in c re a se  m 
^hki , a n d  w h ic h  c a n  th u s  a l lo w  a  s m a l le r  c ry s ta l  v o lu m e , by 
a n  e q u iv a le n t  fa c to r  [ I S ] .
N e w  o p p o r tu n itie s  in  b io lo g ic a l a n d  c h e m ic a l c ry s ta llo g ra p h y p3
Figure 1. (a) Professor K Banerjee. bom September 15. 1900 icd April 30 1975.
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U se o f  su c h  a  w a v e le n g th ,  to  e n h a n c e  th e  d if f ra c t io n  fro m  
sm all c ry s ta ls  (F ig u re  3 )  is  n o t  th e n  a t, e v e n  n e a r  to , th e  S e  K  
edge (0 .9 8  A ) ,  a n d  is  w e ll  b e y o n d  th e  K  a b s o rp tio n  e d g e s  o f  th e  
com m only  o c c u r r in g  tr a n s it io n  m e ta ls  (F c , 1 .7 4 3 A ; Z n , 1 .2 8 3 A , 
Cu 1*380 A ;  M n  1 .8 9 6  A  etc) a n d  b e y o n d  th e  L  e d g e s  o f  th e  
com m on h e a v y  a to m  d e r iv a t iv e s  (H g , L „ , 1 .(KK) A ;  A u , I 0 4
Pi Ljji 1 .0 7 3  A  etc). T h e  c ry s ta l lo g ra p h ic  p h a s e  p ro b le m  is  
likely to  n e e d  n e w  id e a s  in  th e  ‘s t ru c tu ra l  g e n o m ic s ’ , sm a ll 
crystal, e ra  to  s u p p le m e n t  th e  s e le n o  M B D  a p p ro a c h . l \ v o  n e w  
ap p ro ach es  a re  p o s s ib le  a n d  o f f e r  e x c it in g  p ro s p e c ts . F irs tly , 
the in c o rp o ra t io n  o f  x e n o n  in to  a  p ro te in  cry .stal u n d e r  h ig h  
p ressu re  is  p o s s ib le  [1 6 ] . A p p a ra tu s  fo r  f r e e z in g  x e n o n  in  th e  
protein c ry s ta l  h a s  b e e n  d e v e lo p e d  [1 7 ] . T h e  ‘x e n o n ’ d if f ra c t io n  
data can  th e n  b e  r e c o r d e d  e.g. b y  M A D  o r, b y  c o m b in in g  w ith  a 
native p ro te in  c ry s ta l  d i f f r a c t io n  d a ta  s e t ,  a  h y b r id  p h a s in g  
ap p ro ach  ‘S IR O A S *  (S in g le  I s o m o rp h o u s  R e p la c e m e n t w ith  
O p tim is e d  A n o m a lo u s  S c a t t e r i n g )  in v o lv in g  o n e  s u i ta b ly  
chosen  w a v e le n g th  is  fe a s ib le  a ls o . O p tim is a t io n  o f  th e  x e n o n  
an o m a lo u s  s ig n a l u s in g  s o f te r  X - ra y s  via th e  x e n o n  L  e d g e  
(L, = 2 .2 7  A )  is pos.s ib Ie  [ 13]. T h is  m e th o d  h a s  n o w  b e e n  a p p lie d  
in the lo b s te r  a p o c ru s ta c y a n in  A1 p ro te in  u s in g  d if f ra c t io n  d a ta  
reco rd ed  o n  th e  D a rc s b u ry  S R S  s ta tio n  7 .2  a t 2  A  w a v e le n g th , 
the first p ro te in  c r y s ta l lo g ra p h y  s ta tio n  o n  th e  f irs t d e d ic a te d  
SR so u rc e  118], n o w  u s e d  in  a  n o v e l w a y  (F ig u re  4 ) . F ig u re  4 a  
show s th e  x e n o n  a n o m a lo u s  d if f e re n c e  P a tte r s o n  a n d  h a s  p e a k s  
ih a ia re  c o m p a ra b le ,  s u p e r io r  e v e n  th a n  th e  x e n o n  is o m o rp h o u s  
(h f ic ren ce  P a tte r s o n  (F ig u re  4 b )  b y  v ir tu e  o f  th e  2 A  X -ra y  
w av elen g th . A  s e c o n d  b e n e f i t  o f  s o f te r  X -ra y s  is th a t th e  su lp h u r  
an o m a lo u s  d is p e r s io n  s ig n a l is  e n h a n c e d , o v e r  th a t at 1.5 A ,  by
a  fa c to r  o f  2 e v e n  th o u g h  th e  s u lp h u r  K  e d g e  o p tim is a t io n  a t 5 A  
w a v e le n g th  is r e m o te .  N e v e r th e le s s ,  th e  p r o s p e c t  e x is ts  o f  
d e te rm in in g  th e  su lp h u r  a to m  s u b - s tru c tu re  fro m  th e  d is u lp h id e  
a to m s  (a t c y s te in e  to  c y s te in e  c o v a le n t  b r id g e s  b e tw e e n  th e  
p o ly p e p tid e  c h a in ) , a n d  p o ss ib le  e g  e v e n  fro m  th e  s in g le  su lp h u r  
a to m s  in  m e th io n in e  a m m o  a c id  r e s id u e s . S u c h  a  su b s tru c tu re  
o f  th e  w h o le  p ro te in  s tru c tu re  c o u ld  b e  c o m b in e d  w ith  a to m ic  
re s o lu tio n  p ro te in  c ry s ta l  d if f ra c t io n  d a ta  a n d  fo l lo w  o n  fro m  
th e  s tic c e s s e s  o f  d ire c t m e th o d s  w ith  m e ta llo p ro ie in s  [1 9 ] o r 
so lv e n t f la tte n in g  b a se d  a p p ro a c h e s  |2 ()]. D e te rm in a t io n  o f  th e  
s u b - s iru c tu re  o f  th e  a n o m a lo u s  s c a t te re r s  is th e re fo re  a p iv o ta l 
s te p . L a r g e r  a n d  la rg e r  c o n s te l la t io n s  o f  su c h  a to m s  in  th e  s u b ­
s tru c tu re  n e c e s s ita te  a u to m a tic  m e th o d s . A se m in a l p a p e r  w as  
th a t cjft' M u k h e r je e  et al \2\] w h o  u.scd a n o m a lo u s  d if fe re n c e s  
a n d  t^ e  d ir e c t m e th o d s  p ro g ra m  M U L T A N .
Figure 3. Softer X-rays have great potential in protein crystallography, 
especially 'structural genomics* projects. Very small crystal size is a common 
occurrence in current pilot projects. High quality diffraction data can be 
recorded using e.g. 2A wavelength, evidenced here for apocrustacyanin 
Al needle crystals («  O.l mm thick). From Ref [54].
Figure 4. Softer X-rays also yield optimised anomalous scattering from 
the xenon L edge, and where xenon incorporated into a protein crystal 
under high pressure is now a commonly obtainable 'heavy atom' derivative, 
(a) Anomalous difference Patterson Harker section <b) Isomorphous 
difference Patterson Harker section for appocrustacyanin Al as example 
Data recorded on station 7.2 at the Darcsbury SRS, X ^  2k  [55]. The high 
quality of (a) is evident and quite comparable, supenor even, with respect 
to the isomorphous case (b), (c) provides the calculated Harker section 
peaks from the xenon atom positions involved.
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3. Laue diffraction and polychromatic SR also leading to 
synergy with neutrons
U n lik e  c o n v e n tio n a l X -ra y  so u rc e s  w h ic h  e m it e m is s io n  lin e s  
on  a  w e a k  c o n tin u u m  th e  s y n c h ro tro n  X -ra d ia tio n  u n iv e rsa l 
c u rv e  is  a  s tro n g  c o n tin u u m  o f  ra d ia tio n . H e n c e  e x tre m e ly  s tro n g  
m o n o c h r o m a t i c  b e a m s  c a n  b e  e x t r a c t e d ,  f o r  w h ic h  th e  
w a v e le n g th  can  b e  tu n e d  (a s  re fe r re d  to  in  th e  p re v io u s  se c tio n ) . 
In  th is  s e c t io n , h o w e v e r , c o n s id e ra t io n  is g iv e n  to  h o w  to  u ti lis e  
a ll th e  w a v e le n g th s  s im u lta n e o u s ly . T h is  is th e  w e ll k n o w n , 
o r ig in a l, L a u e  m e th o d  o f  c ry s ta llo g ra p h y  o f  1912 . In  th is  w ay  
u ltra -s h o r t  X -ra y  e x p o s u re  t im e s  c a n  b e  re a l is e d , a s  s h o r t  a s  
su b n a n o s e c o n d  tim e  re s o lu tio n  [ 2 2 ,2 3 ] ,  A n  e x a m p le  o f  a  tim e -  
r e s o lv e d  L a u e  e n z y m e  s t r u c t u r a l  s t u d y  is  d e s c r i b e d  in  
S ec tio n  4 .3 ,
A n  a n a lo g o u s  s i tu a t io n  to  S R  e x is ts  w ith  n e u tro n  b e a m s  
fro m  a  r e a c to r  s o u r c e  w h e re  a  p o ly c h r o m a t ic  s p e c t ru m  o f  
n e u tro n s  is e m itte d . T h e  n e u tro n  L a u e  m e th o d  a llo w s  th e  sa m p le  
s iz e  b a rr ie r  to  b e  tr a n s c e n d e d , ra th e r  th a n  a c h ie v in g  u lt ra - s h o r t  
e x p o su re  w h ic h  is th e  p u rp o s e  o f  th e  S R  L a u e  m e th o d . W ith  
n e u tro n s  th e  s iz e  o f  a  s in g le  p ro te in  c ry s ta l  h a s  b e e n  s e v e re ly  
ra te  lim itin g . T h e  h a rn e s s in g  o f  a  b ro a d e r  b a n d  o f  w a v e le n g th s  
a t n e u tro n  s o u rc e s  is  an  im p o r ta n t d e v e lo p m e n t [2 4 ]. A t re a c to r  
so u rc e s  th e  w a v e le n g th  b a n d p a s s  th a t c a n  b e  u se d  is  «  3 3 % . A  
v ita l n ex t s te p  fo r  p ro te in s  b e c k o n s  u s in g  th e  tim e -o f- f l ig h t L a u e  
a p p ro a c h , fe a s ib le  a t a  p ro to n  s y n c h ro tro n  s o u rc e , w h e re b y  
b o th  a  b ro a d e r  b a n d p a s s  c a n  b e  u se d  a  b e tte r  s ig n a l to  noi.se 
re a lise d , u se d  so  fa r  in  c h e m ic a l c ry s ta llo g ra p h y  [2 5 ]. E n h a n c e d  
p ro to n  sy n c h ro tro n  p o w e r  is  c o m in g , s u i ta b le  fo r  t im e -o f- f l ig h t 
L a u e  p ro te in  c ry s ta l lo g ra p h y  w ith  n e u tro n s , via th e  p ro p o s e d  
IS IS  2 n d  ta rg e t s ta tio n  [26J an d , u ltim a te ly  th e  p ro p o se d  E u ro p ean  
Spalla tion  S o u rce  (5 M W  vs 160 k W  for IS IS ) [2 7 ] . T h e  im p o rtan ce  
o f  th e s e  d e v e lo p m e n ts  fo r  th e  fu tu re  lie s  in  th e  d e f in i t io n  o f  th e  
h y d ro g e n  a to m s . W h ils t  S R  X -ra y s  h a v e  o p e n e d  u p  th e  c h a n c e  
to  v isu a lise  h y d ro g e n s  fo r  re la tiv e ly  w ell fixed  a to m s m o re  m o b ile  
H  a to m s  h a v e  a  b e tte r  c h a n c e  to  b e  d e f in e d  w h e n  e x c h a n g e d  
w ith  d e u te r iu m  an d  s tu d ie d  w ith  n e u tro n s . H en ce , th o se  c a ta ly tic  
h y d r o g e n s  o n  m o r e  m o b i le  p ie c e s  o f  p o ly p e p t id e  c a n  b e  
d e te rm in e d . M o re o v e r , b o u n d  w a te r  m o le c u le s  in  lig a n d  b in d in g  
s i t e s  c a n  b e  s t u d i e d  in  m o r e  d e t a i l  b y  n e u t r o n  p r o t e in  
c r y s t a l l o g r a p h y  [ 2 8 ]  a n d  th u s  th e  c h a n c e  to  f u r th e r  th e  
u n d e r s ta n d in g  o f  th e  th e r m o d y n a m ic s  o f  l ig a n d  b in d in g  to  
p ro te in  r e c e p to r  s i te s  via s t ru c tu re  m ig h t b e  a d v a n c e d  [2 9 , 3 0 ). 
S tru c tu re  b a se d  d ru g  d e s ig n  is a  p iv o ta l  m e th o d  in  f in d in g  n e w  
le a d  c o m p o u n d s  in  th e  p h a rm a c e u tic a l in d u s try , a n d  th e  sc ie n c e  
o n  w h ic h  it is  b a se d  is  a  v ita l to p ic  in  m o le c u la r  b io p h y s ic s  a n d  
b io p h y s ic a l c h e m is try .
4. Synergy between protein and chemical crystallography
T h r e e  s p e c i f ic  a re a s  in te r f a c in g  b e tw e e n  la rg e  a n d  s m a lle r  
m o le c u le  c ry s ta l lo g ra p h y  w ill b e  h ig h l ig h te d  via c a s e  s tu d ie s .
4.L Protein crystal structure analysis of concanavalin A with 
small molecule accuracy
S m a ll  m o le c u le  a c c u ra c y  m e a n s  th a t  th e  p ro te in  c ry s ta l  
d i f f r a c t io n  p a t t e r n  e x te n d s  to  a  r e s o lu t io n  l im i t  w h e re  th e
m e a s u ra b le  n u m b e r  o f  u n iq u e  re f le c t io n s  e x c e e d s  th e  n u m b er of 
a to m ic  p a ra m e te rs  (w ith  fu ll a n is o tro p ic  e ll ip s o id  re f in em en t) hy 
a ro u n d  an  o rd e r  o f  m a g n i tu d e . H e n c e  f o r  a  p ro te in  w ith  IKOf) 
a to m s , so m e  180,()00 X -ra y  re f le c t io n s  a re  n e e d e d  to  sa tis fy  that 
c rite r io n . T h e re  is  a  s ig n if ic a n t d if fe re n c e  h o w e v e r  b e tw een  small 
a n d  la rg e  m o le c u le  a n a ly s is  b e c a u se  th e  p ro te in  h a s  so m e  mobile 
lo o p s  a n d  s id e  c h a in s ,  w h ic h  d o  n o t d if f ra c t  w e ll. T h e s e  atom s 
re q u ire  th e  b e n e f i t  o f  s ta n d a rd  m o d e l g e o m e try  re s tra in ts  such 
a s  p la n a r  p e p tid e  b o n d  a n d  s ta n d a rd  b o n d  d is ta n c e s  a n d  angles 
W ith  th is  c a v e a t  in  m in d , s m a ll  m o le c u le  a c c u ra c y  p ro te in  
r e f in e m e n t is  p o s s ib le  to d a y  w ith  th e  a d v e n t  o f  c ry o -p ro te c iio n  
o f  th e  p ro te in  c ry s ta l a g a in s t r a d ia tio n  d a m a g e , s tro n g ly  focussed 
S R  b e a m s  a n d  s e n s it iv e , a u to m a tic ,  a re a  d e te c to rs . T h e  crystal 
s tru c tu re  a n a ly s is  o f  c o n c a n a v a l in  A , in i t ia lly  a t 0 .9 4 A  (w ith 
1 1 7,(XX) u n iq u e  X -ra y  d a t a ; 2 0 ,(KX) m o d e l re s tra in ts  an d  18,5(X) 
p a ra m e te rs  to  be  re f in e d ) [31] an d  e x te n d e d  to  0 .9 2 A  (w ith  20,(XX) 
m o re  X -ra y  re f le c t io n s )  re a c h e d  an  X -ra y  d a ta  to  p a ra m e te r  ratio 
o f  a ro u n d  8:1 | 3 2 , 33). F u ll m a tr ix  in v e rs io n  u s in g  S H E L X L  134| 
a llo w e d  s ta n d a rd  u n c e r ta in t ie s  (s .u .)  o n  b o n d  d is ta n c e s  to  be 
d e te rm in e d  a n d  fo r w e ll o rd e re d  p a r ts  o f  th e  p ro te in  (so m e  60% )
s .u . 's  o f 0.005 to  0 .0 1 A  w e re  o b ta in e d . T h u s , th e  p re c is e  m eial 
(M n  a n d  C a )  b io in o rg a n ic  c o o rd in a tio n  w a s  d e te rm in e d  and 
a lso  th e  p ro to n a tio n  s ta te s  o f  c a rb o x y lic  a c id  s id e  c h a in s  revealed  
fro m  th e  X -ra y  a n a ly s is  ( ty p ic a l ly  th e  p ro v in c e  o n ly  o f  neu tron  
p ro te in  c r y s ta l l o g r a p h y  p r e v io u s ly ) .  C o n c a n a v a l in  A  is a 
te tra m e r ic  p ro te in  w h ic h  b in d s  s a c c h a r id e  (F ig u re  5 )  an d  is 
in v o lv e d  in  c e ll to  c e ll c ro s s - l in k in g  a n d  is th o u g h t a lso  to  serve 
a s  a n  a n ti- fu n g a l p ro te c t io n  a g e n t  in ja c k  b e a n s .
Figure 5. Structural studies on concanavalin A from jack bean reveal n 
tetramer of protein subunit.s shown here in ’ribbon formal’, with two 
metal ions as small spheres and nearby glucose molecule, per subunit 
From Ref [.^3], based on Ref [29).
4.2. Multiple wavelength anomalous dispersion (MAD) : Mn, 
Ca concanavalin A and CoZn PO :
T h e  M A D  m e th o d  is  p ro v in g  to  b e  v e ry  e f f e c t iv e  a s  a  m e a n s  o f
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protein c ry s ta l  s t r u c tu r e  d e te r m in a t io n  e s p e c ia l ly  in v o lv in g  
se le n o m e th io n in e  e x p re s s e d  v a r ia n ts  o f  a  p ro te in  |8 ,  1 1 -1 3 ] . 
Since a la rg e  p e rc e n ta g e  ( e s t im a te d  a s  h ig h  a s  4 0 % )  o f  p ro te in s  
arc m e ta llo p ro te in s  th e n  th e  M A D  m e th o d 's  p o te n t ia l i ty  to  b e  
applied w id e ly  to  a c c e s s  th e  in t r in s ic a l ly  p re s e n t  m e ta l a to m  o r 
atoms is p o s s ib le . F o r  m e ta l lo p ro te in s  q u ite  a  ra n g e  o f  X -ra y  
w aveleng ths a re  o f  in te re s t  e g  fro m  M o  K  e d g e  a t 0 .6 2  A  to , say , 
calc ium  K  e d g e  a t 3 A. W o rk in g  w ith  lo n g e r  w a v e le n g th s  d o e s  
m ean th a t X -ra y  a b s o r p tio n  b e c o m e s  a  c o n c e rn  a n d  s m a lle r  
crystals n e e d  to  b e  s e le c te d .  O th e rw is e  th e  p r in c ip le s  o f  th e  
method are  s im ila r. In  th e  a n a ly s is  tw o  d if fe re n t p ro c e d u re s  ex is t. 
One, th e  a lg e b ra ic  M A D  m e th o d  [7 ] re l ic s  o n  m e a s u re m e n t 
red u n d a n c y  a n d  le a s t  s q u a r e s  ( M A D L S Q  [3 5 ] ) . T h e  o th e r , 
second m ethexi, is a  v a r ia n t o f  m u ltip le  is o m o rp h o u s  re p la c e m e n t, 
with o n e  w a v e le n g th  s e r v in g  a s  a  n a t iv e  d a ta  se t a n d  th e  o th e r  
re m a in in g  w a v e le n g th s  (1 , 2 o r  m o r e )  a s  d e r iv a t iv e s ,  tw o  
w avelengths b e in g  th e  m in im u m  (se e  S e c tio n  2). T h e  m a p  q u a lity  
Irom a d d in g  m o re  w a v e le n g th s  h a s  b e e n  e v a lu a te d  w ith  re s p e c t 
to a b ro m in a te d  o l ig o n u c le o t id e  [3 6 ] . In  s u c h  a c a s e  o f  a  r a th e r  
co n c e n tra te d  a n o m a lo u s  s c a t te r e r  (2  b ro m in e s  in  4 0 0  a to m s )  
two w a v e le n g th s  p ro v e d  v e ry  s a t is f a c to ry . T h e  e v a lu a tio n  o f  
map q u a lity  fo r  th e  M n , C a  m e ta l lo p ro te in  c o n c a n a v a l in  A  h a s  
been u n d e r ta k e n  b y  u s  u s in g  M n  K  e d g e  M A D  d a ta  r e c o r d e d  at 
H L E T T R A  in  T r ie s te  13 2 ]. W ith  1 M n  in 1 8 0 0  a to m s  th is  w a s  a 
more c h a lle n g in g  c a se . T h e  a n o m a lo u s  d if fe re n c e  an d  d isp e rs iv e  
ililfc rcn cc  P a tte r s o n  m a p s  b o th  c le a r ly  r e v e a le d  th e  M n  a to m  
position  a n d  fro m  p h a s in g  o n  th a t a lo n e , th e  C a  a to m  p o s itio n  
was fo u n d . T h e  M n  M A D  ( in c lu d in g  a  sm a ll b u t s ig n if ic a n t 
calc ium  a n o m a lo u s  s ig n a l)  w ith  d e n s i ty  m o d if ic a t io n  p h a s in g  
quality  h ad  a  m e a n  f ig u re  m e r i t  o f  0 .5 8  fo r  th re e  w a v e le n g th s  
(m ean p h a se  e r r o r  o f  55"^) a n d  th e  b e s t tw o  w a v e le n g th  d e r iv e d  
phase se t h a d  a  m e a n  f ig u re  o f  m e r it  o f  0 .4 3  (m e a n  p h a se  e r ro r  o f  
65'"). H e n c e  th e  n e e d  f o r  th re e  w a v e le n g th s  w a s  fo u n d  to  b e  
necessary fo r  su c h  a  c a s e  b u t th e  b e s t tw o  w a v e le n g th  c a se  
was p ro m is in g . M o re o v e r , it w a s  c o n c lu d e d , s in ce  fro zen  c ry s ta ls  
ol co n c a n a v a lin  A  on  th e  C H E S S , C o rn e ll m u ltip o le  w ig g le r  h ad  
y ie ld ed  d if f ra c t io n  d a ta  to  0 .9 2  A  re s o lu t io n  th e n  a  c o m b in e d  
fu ture  s tru c tu re  s o lu t io n  a p p ro a c h  in v o lv in g  M A D  to  a ro u n d  2 
A re s o lu tio n  a n d  p h a s e  e x te n s io n  to  0 .9 2  A  re s o lu tio n  su g g e s ts  
Itself fo r th e  fu tu re . M o re o v e r , u ltra  in te n se  a n d  ra p id ly  tu n e a b le  
cap ab ility  is  n o w  b e in g  c o m b in e d  in  th e  o n e  b e a m lin c , e g  a t 
R SR F [37], th is  w ill b e  fea s ib le  in  o n e  ex p e rim e n ta l d a ta  co llec tio n  
run. A lso  e le c tro n  d e n s i ty  m a p s  w ill b e  c a lc u la b le  ‘o n  th e  lly  ’ as 
each  d a ta  s e t  a t  e a c h  w a v e le n g th  a n d  a t th e  h ig h e s t  re s o lu tio n  
arc c o lle c te d . H ig h  p e r f o rm a n c e  c o m p u tin g  o n  th e  b c a m lin e  is  a  
n ecess ity  fo r  th a t .  T h is  c a s e  s tu d y  a l lo w e d  th e  s e t t l in g  o f  is su e s  
re n u m b e rs  o f  w a v e le n g th s  a n d  e f f ic ie n c y  o f  b e a m tim e  u sa g e  
p o sed  o v e r  2 0  y e a r s  a g o  [9 ]. In  te r m s  o f  s t ro n g  u s e r  c e n tr e s  
w orld w id e  fo r M A D  th e  N S L S  X 4 C  b e a m  lin e  [3 8 ], C H E S S , an d  
E SR F  B M 14 [ 12] an d  L O R E  [39] a re  ex am p les . O n  B M 14 a t E S R F  
fo r e x a m p le  o v e r  a  h u n d re d  M A D  p ro te in  s t ru c tu r e s  a rc  so lv e d  
ty p ica lly  p e r  y ea r.
T h e  d e v e lo p m e n t a n d  a p p l ic a t io n  o f  M A D  te c h n iq u e s  in  
in o rg an ic  (s m a lle r  m o le c u le )  c h e m ic a l c ry s ta llo g ra p h y  h a s  b een  
rev iew ed  re c e n t ly  [4 0 ] . F ro m  th e  M a n c h e s te r  L a b o ra to ry , a g a in
u s in g  th e  E L E T T R A  ‘X R D ’ s ta tio n , a  f iv e  w a v e le n g th  M A D  
a n a ly s is  h a s  b e e n  c o n d u c te d  o n  th e  z in c o p h o s p a le ,  C o Z n P O  
(C Z P )  [41 ]. T in s  a n a ly s is  a l lo w e d  th e  s ite  o f  in c o rp o ra t io n  o f  
c o b a lt  to  b e  s e t t le d , i.e. a t w h ic h  o f  th e  tw o  p o s s ib le  (o r  b o th )  
z in c  s ite s . T h e  m o s t s e n s it iv e  w a v e le n g th  p a ir  to  th e  c o b a lt  
o c c u p a n c y  w a s  th e  1 .45  A  re fe re n c e  w a v e le n g th  an d  th e  / ’ 
m in im u m  w a v e le n g th  (1 .6 0 8  A) b e tw e e n  w h ic h  d if f e re n c e  
s tru c tu re  fa c to r  a m p li tu d e s  w e re  c a lc u la te d .  A  c o m p lic a t io n  
v ersu $  a  p ro te in  M A D  ty p ic a l c a se  is th a t th e re  w e re  su ff ic ie n tly  
s tro n g  v a r ia tio n s  in th e  s tru c tu re  fa c to r  a m p litu d e s , d u e  to  th e  
z in c  a to m s ' c o n tr ib u t io n s ,  to  c o m p lic a te  th e  s c a l in g  o f  th e  d a ta  
se ts  b e tw e e n  th e  w a v e le n g th s . H o w e v e r , s in c e  an  a to m ic  m o d e l 
f o r  t l |e  c r y s t a l  s t r u c tu r e  w a s  a v a i l a b l e  ( o n ly  th e  c o b a l t  
s u b s ti tu tio n  e f f e c t w a s  to  b e  s e t t le d )  it w a s  fe a s ib le  to  c a lc u la te  
w h ic i i  s t r u c tu r e  f a c to r  a m p l i tu d e s  h a d  a  s m a ll  z in c  a to m s  
c o n tr ib u tio n  ( in d e e d  th e re  w e re  n o t so  m a n y  o f  th e se ) . H e n c e  
th is  s |h a l l  su b s e t o f  r e l le c t io n s  c o u ld  b e  u.sed to  p u t th e  d a ta  
se ts  oil a  c o m m o n  sc a le . T h e  a n a ly s is  c o n c lu d e d  by e s t im a tin g  
th a t su c h  a  M A D  a n a ly s is  w o u ld  b e  s e n s it iv e  d o w n  to  12 - 15%  
c o b a l t  s u b s t i t u t i o n  l e v e l s .  O v e r a l l ,  th e s e  t e c h n iq u e s  a re  
a p p lic a b le  to  se ttlin g  details o f  a  sm a ll m o le c u le  c ry s ta l s tru c tu re  
r a t h e r  th a n  s t r u c t u r e  s o l u t i o n  per se ( w h ic h  is  u s u a l ly  
s tra ig h tfo rw a rd  b y  c o n v e n tio n a l  P a tte rso n  o r  d ir e c t m e th o d s ) . 
wSuch sp e c ia l c a se s  a rc  n o t u n c o m m o n  h o w e v e r  fo r in s ta n c e  in 
m e ta l su b s ti tu te d  a lu m in o  p h o s p h a te s  a s  w e ll as  c o m p o u n d s  o f  
s e v e r a l  h e a v y  a to m s ,  o f  c lo s e  a to m ic  n u m b e r ,  a n d  w h e re  
w a v e le n g th  tu n in g  le a d s  to  u n a m b ig u o u s  a to m  id e n tif ic a t io n . 
Y et m o re  so p h is tic a te d  a n a ly s e s  c o m b in in g  M A D  w ith  c h a n g e  
o f  te m p e r a tu r e  h a s  b e e n  r e p o r te d  a n d  fo r  w h ic h  m e ta l io n  
m ig ra t io n  c a n  b e  tra c k e d  in th e  c ry s ta l  |4 2 J .
4.3. Time-resolved and temperature-resolved crystallography 
: liydroxymethylhilane synthase (HMBS) enzyme and a liquid 
crystal study respectively .
T h e  s tu d y  o f  th e  e v o lu t io n  o f  s tru c tu ra l in te rm e d ia te s  w ith  tim e  
o f  r e a c t iv e  p ro te in  m o le c u le s  su c h  a s  e n z y m e s  lik e  H M B S  an d  
th e  p e r tu rb a tio n  o f  s m a lle r  m o le c u le s  w ith  te m p e ra tu re  a s  a 
v a r ia b le  is a  m o d e rn  g ro w th  tre n d  in  c ry s ta l s tru c tu ra l a n a ly se s . 
T h e s e  d e v e lo p m e n ts  h a v e  b e e n  m a d e  fe a s ib le  d u e  to  th e  h u g e ly  
e x p a n d e d  c a p a b i l i t ie s  fo r  fa s t, r e p e a te d , d a ta  se t c o lle c tio n s . 
T h u s  a  s tru c tu re  to  fu n c tio n  re la tio n sh ip  c a n  b e  e x p lo re d  d ire c tly  
by  e x p e r im e n t. A  p a r t ic u la r  im p e tu s  in l im e - re s o lv e d  p ro te in  
c ry s ta llo g ra p h y  h a s  a r is e n  fro m  h a rn e s s in g  th e  L a u e  m e th o d  
w ith  f o c u s s e d  p o ly c h r o m a t ic  S R  b e a m s  w h e re  e v e n  su b -  
n a n o s e c o n d  e x p o s u r e s  a re  p o s s ib le  [2 2 ]. T h u s , th e  ra n g e  o f  
l i m e - r e s o l u t i o n s  r e a c h e s  w e ll  b e y o n d  f r e e z e  t r a p p in g  o f  
s tru c tu ra l in te rm e d ia te s . T im e - re s o lv e d  te c h n iq u e s  h a v e  b een  
a p p lie d  in b io lo g ic a l c ry s ta l lo g ra p h y  e g  .sec th e  ten  c a se  s tu d ie s  
o v e r  th e  la s t  d e c a d e  h ig h l ig h te d  in  R e f . [231. In  c h e m ic a l  
c ry s ta llo g ra p h y , w h e re  th e  s c a t te r in g  s tre n g th  [eq . ( I )] is h ig h e r , 
d u e  to  th e  sm a lle r  u n it c e ll v o lu m e , u l t ra - f a s t  m o n o c h ro m a tic  
te c h n iq u e s  h a v e  b e e n  p re f e r re d  so  fa r  o v e r  th e  p o ly c h ro m a tic  
te c h n iq u e  [4 2 ] . In  a  c ry s ta l ,  b o th  r e v e r s ib le  a n d  ir re v e rs ib le  
s t r u c tu r a l  c h a n g e  c a n  b e  s t im u la te d .  R e v e r s ib le  c a s e s  a re  
a m e n a b le  to  s t ro b o s c o p ic  (c y c l ic )  d a ta  c o lle c t io n .
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H M B S  catalysCvS th e  p o ly m e r is a tio n  o f  fo u r  m o le c u le s  o f  
p o rp h o b ilin o g e n  to  fo rm  h y d ro x y m e ih y lb ila n e . T h e  e v o lu t io n  
o f  th e  re a c tio n  in  c ry s ta ls  o f  a L y s 5 9  G in  m u ta n t w a s  s tu d ie d  by  
re p e a te d  d a ta  c o l l e c t io n  via L a u e  d if f r a c t io n  s n a p s h o ts .  A  
p ro g re s s io n  o f  L a u e  e x p o s u re s  w ith  p re -s e t,  le n g th e n in g , tim e  
g a p s  a f te r  su b s tra te  s o lu tio n  p a s s e d  o v e r  a c ry s ta l  h e ld  in  a  
f lo w  c e ll w e re  re c o rd e d  a t E S R F  o n  th e  ‘L a u e  b e a m l in e ’ . T h e  
e x p e r im e n ta l  L a u e  d i f f e r e n c e  m a p s  r e v e a le d  an  e lo n g a te d  
d if f e re n c e  e le c tro n  d e n s i ty  p e a k , m o s t  p r o m in e n t  a f te r  2 h , 
c o m m e n c in g  a f te r  8 m in u te s , an d  b y  w h ic h  tim e  th e  in itia lly  
c o lo u r le s s  e n z y m e  c ry s ta l  h ad  b e c o m e  re d /p in k  [4 3 ] . T h is  p e a k  
c o m m e n c e d  at th e  p o s itio n  o f  C 2  o f  th e  o x id ise d  c o - fa c to r  o f  th e  
e n z y m e  (th e  p u ta t iv e  b in d in g  s i te  fo r  su b s tra te )  an d  d ire c tly  
a b o v e  th e  c r i t ic a l  c a rb o x y l s id e  c h a in  o f  A sp  8 4  in v o lv e d  in th e  
f ir s t  r in g  c o u p lin g  re a c t io n  s te p . T h e  e le c tro n  d e n s i ty  th e n  
e x te n d e d  p a s t a m in o  a c id  r e s id u e s  th a t a rc  k n o w n  fro m  p ro te in  
e n g in e e r in g  to  a f f e c t la te r  s ta g e s  o f  th e  c a ta ly s is , an d  in to  o p e n  
so lv e n t. T h e re  is a m is s in g  lo o p  o f  r e s id u e s  (4 9  -  5 7 )  in  a ll 
c u rre n t H M B S  s t ru c tu re s  u n d e r ta k e n  at a m b ie n t te m p e ra tu re . 
T h e  L a u e  d e r iv e d  d e n s i ty  re s id e s  b e tw e e n  w h e re  th a t lo o p  is 
lik e ly  to  b e  a n d  th e  p o s i t io n  o f  th e  C 2  r in g  in  th e  re d u c e d  a c tiv e  
c o fa c to r  d e te rm in e d  by  M A D  (4 4 ). T h u s ,th e  tim e -e v o lu t io n  o f  
th is reac tio n  in th e  H M B S  (L ys 59  G in  m u ta n t)  c ry s ta l in  stru c tu ra l 
a n d  fu n c t io n a l te rm s  h a s  b e e n  e s ta b li s h e d  o v e r  a  p e r io d  o f  
s e c o n d s  to  h o u rs  [4 5 ] . S tru c tu ra l p u z z le s  re m a in  in th e  s tu d y  o f  
th is  fa s c in a tin g  a n d  im p o r ta n t e n z y m e . F o r  e x a m p le , r e p e a te d  
r in g  c o u p lin g  is re q u ire d  in  th e  te l ra p y r ro lc  fo rm a tio n  b u t th e re  
a re  n o t fo u r  c o n s e rv e d  c a rb o x y l s id e  c h a in s  (a k in  to  A sp  8 4 ). 
D o m a in : d o m a in  re o rg a n is a t io n  h a s  b e e n  p ro p o se d  (461. F u r th e r  
s tu d ie s  in v o lv in g  tim e -re so lv e d  sm a ll an g le  sc a tte r in g  in so lu tio n  
o f  th e  e n z y m e  h a v e  b e e n  su g g e s te d  (451 to  fo llo w  th e  e n z y m e  
rad iu s o f  g y ra tio n  w ith  lim e  as  su b s tra te  is m ix ed  w ith  th e  en zy m e . 
In  th e  c ry s ta l  o f  c o u rs e , a n y  d o m a in  to  d o m a in  re a r ra n g e m e n ts  
w o u ld  b e  in h ib ite d .
A  te m p e ra tu re  r e s o lv e d  c h e m ic a l  c ry s ta l lo g r a p h y  s tu d y  
u ti l is in g  S R  s o u rc e s  h a s  b e e n  u n d e r ta k e n  o n  a  th e rm o tro p ic  
liqu id  c ry s ta l 1 ,4 , 8 , 1 1 , 1 5 , 1 8 ,2 2 ,2 5 -o c ta h e x y lp h th a lo c y a n in a to  
n ick e l 147). T h is  s tu d y  h as  b een  in  tw o  p a rts  [4 7 ,4 8 1  an d  in v o lv es  
a  s e q u e n c e  o f  c ry s ta l  s t ru c tu re s  a t l(X) K , 2 9 3  K  (ie. ro o m  
te m p e ra tu re ) , 3 2 3  K , 3 2 8  K  a n d  3 5 3  K , th e re  b e in g  a  su d d e n  
s tru c tu ra l c h a n g e  b e tw e e n  3 2 3  K a n d  3 2 8 K . A  c o m p lic a t io n  o f  
th e  liq u id  n itro g e n  te m p e ra tu re  s tu d y  at 100  K  w a s  th a t th e re  
w a s  a c ry s ta l  s p a c e  g ro u p  t r a n s i t io n  b e tw e e n  195 K  a n d  2 0 5  K . 
A s e x p e c te d  th e  m o s t p re c is e  s t ru c tu re  “ s n a p s h o t’ is  th e  lo w e s t 
t e m p e r a tu r e  o n e .  T h e  e v o lu t io n  o f  th e s e  s t r u c tu r e s  w ith  
te m p e ra tu re  in c re a s e  s h o w s  an  in c re a s e d  th e rm a l m o tio n  o f  th e  
h e x y l g ro u p s . T h e s e  m o tio n s  p re s u m a b ly  g e t so  la rg e  as  th e  
ac tu a l liq u id  c ry s ta l u*ansition te m p e ra tu re  o f 4 2 8  K  is a p p ro a c h e d  
th a t  f re e  re la t iv e  ro ta t io n  o f  th e  m o le c u le s  c a n  la k e  p la c e , to  
g iv e  th e  d is c o tic  c o lu m n a r  m e s o p h a sc  i.e, w h e re  th e re  is  ra n d o m  
ro ta tio n a l o r ie n ta t io n  o f  th e  m o le c u le s  a b o u t th e  s y m m e try  a x is  
o f  th e  p h th a lo c y a n in e  r in g . C o n v e rse ly  a t th e  lo w e r  te m p e ra tu re s , 
th e  p h th a lo c y a n in e  c o re s  a re  lo c k e d  to g e th e r  b y  th e  o rd e r in g  o f  
th e s e  h e x y l  g r o u p s .  H e n c e ,  o n e  s e e s  d i r e c t l y  h e r e  a  n e a t
e x p la n a t io n  o f  th e  s t r u c tu r a l  b a s is  o f  th i s  im p o r ta n t  phase 
tr a n s it io n  f ro m  th e  c ry s ta l  to  l iq u id  c ry s ta l  m o le c u la r  phases 
T h e  d a ta  c o lle c tio n  fo r  th e s e  s tu d ie s  in v o lv e d  th e  u se  o f  the 24 
p o le  w ig g le r  b e a m lin e  s ta tio n  F 2  a t th e  C H E S S  sy n c h ro tro n  (fur 
th e  m o s t p re c ise  lo w  te m p e ra tu re  s tru c tu re  a t 100 K , as  w ell as m 
2 9 3  K ). T h e  e le v a te d  te m p e ra tu re  s tu d ie s  w e re  u n d e rta k e n  on 
th e  S R S , D a rc s b u ry  w ig g le r  b e a m lin e  s ta tio n  9 .8 . T h e  crystal 
sp a c e  g ro u p  tra n s it io n  w as  d e te rm in e d  on  S R S  D a rc sb u ry  Station
7 .2  w ith  a C C D  tim e  s l ic in g  d e te c to r  [4 7 ).
5« Future directions
In  m a c r o m o le c u la r  c ry s ta l lo g ra p h y  th e re  a re  im p o r ta n t current 
tr e n d s  in v o lv in g  th e  e lu c id a tio n  o f l a r g e  m u lti-m a c ro m o le c u la r  
c o m p le x e s , s tru c tu ra l g e n o m ic s  a n d  a  g ro w th  in  n e u tro n  protein 
c ry s ta llo g ra p h y . A n  e x a m p le  o f  a  la rg e  c o m p le x  in v o lv e s  the 
s tru c tu re s  o f  th e  r ib o so m a l c o m p o n e n ts  w h ic h  a re  b e in g  reported 
a f te r  m a n y  y e a rs  o f  e f fo r t  o v e rc o m in g  te c h n ic a l d if f ic u ltie s  [49, 
5 0 ,5 1  ]. In  a n o th e r  a re a , th e  a r c h i te c tu re  o f  s y m m e tr ic a l viruses 
h a s  o f  c o u rs e  b e e n  th e  s u b je c t o f  in te n se  s tu d y  fro m  th e  late 
197 0 s o n w a rd s  152]. A  m o s t in te re s t in g  m u lti-m a c ro m o le c u la r  
c o m p le x  u n d e r in v es tig a tio n  is th e  16m cr p ro te in  su b u n it com plex 
in v o lv e d  in th e  b a lh o c h ro m ic  sp e c tra l  sh if t o f  b o u n d  ca ro ten o id  
in  th e  c ru s la c y a n in  f ro m  lo b s te r  a n d  V c lle la  v c lle la . T h is  has 
a p p a r e n t ly  e v o lv e d  a s  a  c a m o u f la g e  m e c h a n is m  o f  m arin e  
C ru s ta c e a  a g a in s t  p r e d a to r s .  T h e  e lu c id a t io n  o f  ih e  crystal 
s t ru c tu re s  is u n d e rw a y  1 5 3 -5 7 1 .
T h e  ra le  o f  d e te r m in a tio n s  o f  p ro te in  c ry s ta l  s tru c tu re s  has 
im p ro v e d  to  su c h  an  e x te n t  th a t h ig h  th ro u g h p u t approaches 
a re  b e in g  c o n s id e re d  a t th e  g e n o m e  n u m b e rs  s c a le  Amongsi 
th e  f irs t su c h  p ro g r a m m e s , in  e f f e c t  a  p ilo t  p ro je c t,  is th a t of 
S u n g  H o  K im 's  in  B e rk e le y . T h e  fe a s ib il i ty  o f  th is  h a s  re s te d  on 
M A D  b e a m lin e  a v a ila b il i ty  to  u se  th e  in tr in s ic  m e ta l a to m s in 
m e ta l lo p ro tc in s  a n d /o r  th e  s e le n iu m  in t ro d u c e d  via s c lc n o  
m e th io n in e  b a c te r ia l g ro w th . A  b o tt le n e c k  re p o r te d  in th e se  pilot 
p ro g ra m m e s , w h ic h  a re  b a se d  p r in c ip a lly  in th e  U S A  a t p resen t, 
is th e  o c c u r re n c e  o f  m ic ro c r y s ta l s  fo r  m a n y  o f  th e  e x p re ssed  
p ro te in s .  T h is  is  u n d e r s ta n d a b le  s in c e  th e  t im e  to  o p tim ise  
c o n d i t i o n s  is  r e d u c e d  c o m p a r e d  w i th  's t a n d a r d '  p ro te in  
c ry s ta l lo g ra p h ic  p ro je c ts . A n  a d d it io n a l w ay , b e s id e s  th e  h igh  
b r i l l ia n c e  o f  S R , to  o v e rc o m e  sm a ll c ry s ta l ,  w e a k , d if f ra c t io n  is 
to  u se  s o f te r  X -ra y s  a n d  th u s  e n h a n c e  th e  s c a t te r in g  e ff ic ie n c y  
|c q .  ( I ) ) .  T h is  is  th e n  b e y o n d  th e  S e  K  e d g e  a n d  th e  tra n s itio n  
m e ta l a b s o rp tio n  e d g e s  a s  w e ll a s  th e  L  e d g e s  o f  th e  s tan d a rd  
is o m o rp h o u s  d e r iv a t iv e s  u s e d  in  M IR  p h a s e  d e te rm in a tio n . 
I n s t e a d ,  t h e  x e n o n  d c r i v a l i s a t i o n  a p p r o a c h  a l l o w s  fo r 
o p tim is a t io n  o f  th e  a n o m a lo u s  s c a t te r in g  via th e  s o f te r  X -ray s  
to o  (a s  d is c u s s e d  in  S e c tio n  2 ). O v e ra ll ,  h ig h  th ro u g h p u t p ro te in  
c ry s ta l lo g ra p h y  sh o u ld  le a d  to  a  la rg e  in c re a s e  in  th e  d a ta b a se  
o f  p re c is e  p ro te in  s t ru c tu r e s  in  th e  P ro te in  D a ta  B a n k . 'F h is  w ill 
h e lp  p ro v id e  a  p la t fo rm  o f  p ro te in  s t ru c tu re s  a s  d a ta  fo r  m an y  
a re a s  o f  m o le c u la r  b io p h y s ic s ,  b io p h y s ic a l c h e m is try , fo ld in g  
a n d  s t ru c tu re  p re d ic t io n , a n d  n o t  le a s t  in  o p e n in g  n e w  a v e n u e s  
in  le a d  c o m p o u n d  d is c o v e ry  to w a rd s  n e w  p h a rm a c e u tic a ls . T he 
la rg e  s c a le  d a ta  m in in g  o f  s u c h  in fo rm a t io n  is  a k in  to  th a t  ex is ts
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already in  c h e m ic a l  c ry s ta l lo g ra p h y  w ith  its  c u r re n t  d a ta b a s e  o f  
over 2 0 0 ,0 0 0  c h e m ic a l  c ry s ta l  s tru c tu r e s .  T h is  is  th e n  a n o th e r  
example o f  th e  in te r s e c t io n  o f  c h e m ic a l  c ry s ta l lo g ra p h y  an d  
protein c ry s ta l lo g ra p h y .
T h e  p o te n tia l  o f  n e u tro n  p ro te in  c ry s ta l lo g ra p h y  is  s tro n g  
w ith a  n u m b e r  o f  in i t ia t iv e s  u n d e rw a y . A t th e  n e u tro n  re a c to r  
source  in  G re n o b le ,  th e  m o s t  p o w e r fu l  in  th e  w o r ld , th e re  is  a 
co o rd in a ted  m ille n n iu m  in s tru m e n t re fu rb is h m e n t g o in g  o n . T h is  
in c lu d es u p g ra d e s  to  th e  re le v a n t  in s tru m e n ts  n a m e ly  D 1 9  (a  
m o n o c h r o m a tic  n e u t r o n  d i f f r a c t o m e t e r  w ith  e n la r g e d  a re a  
d e tec to r c o v e ra g e  ( th u s  im p ro v in g  d a ta  c o lle c t io n  e f f ic ie n c y )  
and th e  L a u e  D if f r a c to m e te r  (L A D I)  w h ic h  w ill h a v e  a  n ew  
n eu tron  im a g e  p la te  r e a d e r  a n d  a  h ig h e r  flu x  lo c a tio n  y ie ld in g  
gam s o f  3 to  5 t im e s  in  s e n s i t iv i ty  -h flu x  ( th u s  re d u c in g  d a ta  
co llec tio n  tim e  o r  a l lo w in g  s m a lle r  c ry s ta l s a m p le s  to  b e  u se d  o r  
la r g e r  m o l e c u l a r  w e i g h t  p r o t e i n s  to  b e  i n v e s t i g a t e d  o r  
c o m b in a tio n s  th e re o f ) . T h u s ,  th e  d e te r m in a tio n  o f  h y d ro g e n  to  
d eu te r iu m  e x c h a n g e  d e ta i ls  c a n  b e  a p p lie d  to  a  w id e r  v a r ie ty  o f  
p ro te in s th a n  e v e r  b e fo re . T h e  d e te r m in a tio n  o f  th e  h y d ro g e n s  
th e m se lv e s  is  n o w  fe a s ib le  w ith  u l t ra -h ig h /a lo m ic  re s o lu tio n  
p ro te in  S R  X -ra y  c ry s ta l lo g ra p h y  w h e re  th e s e  h y d ro g e n s  a re  
w ell d e f in e d . M o b ili ty  o f  h y d ro g e n s  c a n  k ill th e i r  d if f ra c t io n  
s ig n a l h o w e v e r  b u t .  s in c e  n e u tr o n  p r o te in  c r y s ta l lo g r a p h y  
d e te rm in a tio n  o f  d e u te r iu m s  a t a ro u n d  i k  o r  b e t te r  re s o lu tio n  
m atches th a t a t 1.0 A by  S R  X -ra y s , th e n  m o re  m o b ile  h y d ro g e n s  
arc d e te rm in a b le  b y  th e  n e u tro n  a p p ro a c h . T h e  b o u n d  so lv e n t 
IS a w h o le  c a te g o ry  o f  d e u te r iu m  a to m s w h ic h  arc  m o re  e ff ic ien tly  
so u g h t by  n e u tro n  te c h n iq u e s  |2 8 1 . F u ll d e u te ra t io n  th ro u g h  
a p p ro p r ia te  m ic ro b io lo g ic a l  e x p re s s io n  o f  p ro te in s  fo r  b a c te r ia  
g ro w n  on  d c u tc r a te d  m e d ia  is  p o s s ib le  ; it w a s  re c e n tly  sh o w n  
|5S1 h o w  th is  w o rk e d  fo r  d e u tc r a te d  m y o g lo b in ,  w h e re  a  1,7 A 
n eu tro n  s tu d y  w a s  m o re  e f f e c t iv e  th a n  a  1.5 A X -ra y  s tu d y  in 
iin d in g  e v e n  th e  re la t iv e ly  s ta tic  h y d ro g e n s  (a s  d e u te r iu m s ) . In 
the sh o rt to  m e d iu m  te rm , th e re  is th e  p ro p o s e d  U K  IS IS  2 n d  
T arget S ta t io n  (2 6 ) w h ic h  is .set to  p ro d u c e  lo n g e r  w a v e le n g th  
n eu tro n s  w h ic h  s c a t te r  m o re  s tro n g ly  {Le. a s  p e r  e q u a tio n  1) 
and th e re  is  in c lu d e d  in  th a t d e v e lo p m e n t  th e  p la n  fo r  a  la rg e  
m o lecu le  c ry s ta l lo g ra p h y  t im e - o f - f l ig h t  in s tru m e n t (L M X ). In 
U S A , th e re  is th e i r  S p a lla t io n  N e u tro n  S o u rc e  (S N S )  u n d e r  
co n stru c tio n  a t O a k  R id g e  w h ic h  a t 2 M W  is m u c h  m o re  p o w erf ul 
than  IS IS  a t 1 60  k W  a n d , p ro  ra ta , d e l iv e rs  m o re  f lu x . A  n e u tro n  
p ro te in  c ry s ta llo g ra p h y  tim c -o f- f l ig h t s ta tio n  o n  th e  S N S  is b e in g  
d is c u sse d . In  E u ro p e , th e r e  is  th e  p ro p o s e d  5 M W  E u ro p e a n  
S p a lla tio n  N e u tro n  S o u rc e  (E S S )  e n v is a g e d  fo r  c o n s tru c tio n  
b e g in n in g  in  2 0 1 0  [2 7 ] . T h e  p ro p o s e d  E S S  w o u ld  re a c h  th e  sa m e  
a v e rag e  flu x  as  th e  G re n o b le  r e a c to r  n e u tro n  b e a m  f lu x  b u t w ith  
the ad d itio n  o f  th e  b e n e f i t  o f  th e  t im c -o f- f l ig h t n e u tro n  a p p ro a c h . 
H en ce , th e  d e ta i le d  d is s e c t io n  o f  th o s e  e n z y m e  m e c h a n is m s  
in v o lv in g  h y d ro g e n  a to m s , o f  w h ic h  th e re  a re  m a n y , is se t fo r  an  
e x p a n s io n  in  e x a m p le s .
O v e r a l l ,  t h e  e x p e r i m e n t a l  c a p a b i l i t i e s  f o r  p r o t e i n  
c ry s ta llo g ra p h y  a n a ly s e s  h a v e  c h a n g e d  d ra m a tic a l ly  in  s c o p e  
th ro u g h  a  c o m b in a tio n  o f  te c h n o lo g y  a n d  a d v a n c e s  in  m e th o d s  
[59], fro m  b o th  th e  p h y s ic a l sc ie n c e s  a n d  th e  b io lo g ic a l sc ien ces .
T re n d s  se e n  in  c h e m ic a l c ry s ta l lo g ra p h y  o f  e f f ic ie n t s tru c tu re  
d e te rm in a tio n  a n d  th e  v a s t e x p a n s io n  o f  s tru c tu ra l d a ta b a s e s  is 
se t to  o c c u r  fo r  p ro te in s . T h e  a p p lic a t io n  o f  d e v e lo p m e n ts  in 
p ro te in  c ry s ta l lo g ra p h y  to  c h e m ic a l  c ry s ta l lo g ra p h y  su c h  as  
sm a ll c ry s ta ls ,  S R  M A D  an d  p e r tu rb a t io n  c ry s ta l lo g ra p h y  is an  
e x c it in g  c ro s s  fc rtili.sa tio n  (601. C ry s ta l lo g ra p h ic  s c ie n c e  is a 
h ig h ly  c r o s .s - d is c ip l in a r y  s c i e n c e .  T h e  y e a r s  o f  P r o f e s s o r  
B a n c r je e , a s  w itn e s s e d  b y  h is  c o m p e n d iu m  o f  p u b lic a tio n s  m 
c ry s ta llo g ra p h y  [4 ], s h o w  a  p re d o m in a n t  in te ra c t io n  b e tw e e n  
p h y |i c s  a n d  c h e m is try . In  th e  la s t d e c a d e s , th a t h a s  e x p a n d e d  
s t r o f g ly  a ls o  to  in c lu d e  b io lo g y .
Acl^wledgment
I  a m  v e ry  g ra te fu l to  m y  p a s t a n d  p re s e n t c o lle a g u e s  an d  
s tu d e n ts  in  th e  U n iv e rs ity  o f  M a n c h e s te r  S tru c tu ra l C h e m is try  
R e s ia rc h  L ab o ra to ry , w h ich  is d e v o te d  to  b io lo g ica l an d  c h em ica l 
c r y i t a l l o g r a p h y  a n d  in c l u d e s  e x t e n s iv e  c r y s t a l l o g r a p h i c  
m etiio d s d e v e lo p m e n t. I e sp e c ia lly  th an k  D r M a d e le in e  H clliw ell, 
D r  J a m e s  R a f te ry  a n d  D r .la r jis  H a b a s h  for th e ir  lo n g  te rm  
c o l l a b o r a t io n ,  a n d  in d e e d  a ll in y  c o - a u th o r s  o f  .s c ie n tif ic  
p u b l i c a t i o n s  o v e r  th e  y e a r s  f o r  t h e i r  c o l l a b o r a t io n  T h e  
sy n c h ro tro n  ra d ia tio n  fa c ili tie s  a t  D a rc sb u ry , E S R F  (G re n o b le ), 
C o rn e ll ,  N S L S  a n d  E le t tra  (T r ie s te )  a s  w e ll a s  th e  n e u tro n  b eam  
fa c i li ty  in G re n o b le  ( In s ti tu l  L a u e  L a n g e v in )  h a v e  all p ro v id e d  
sp le n d id  X -ra y  a n d  n e u tro n  b e a m s  in  su p p o r t o f  th is  re se a rc h  
p ro g ra m m e  in its v a r io u s  a s p e c ts  o v e r  th e  y e a rs  an d  c o v e re d  in 
th is  a r t ic le , a n d  to  w h o m  J R H  is a ls o  v e ry  g ra te fu l. F u n d in g  
su p p o r t Iro m  E U  N e tw o rk  C ry s ta llo g e n e s is  P ro jec t # B I0 4 -C T 9 8 - 
(X)86 is  a c k n o w le d g e d  fo r  th e  w o rk  re fe rre d  to  in F ig u res 2 ,3  and
4 . T h e  r e s e a r c h  g r a n t  s u p p o r t  o f  B B S R C  ( f o r  c o m p u t in g  
fa c i l i t ie s ) .  T h e  W e llc o m e  T ru s t a n d  T h e  L e v e rh u ln ic  T ru st and  
o f  E P S R C , B B S R C , B rit is h  C o u n c il  an d  th e  U K /ls ra e l F u n d  fo r 
P h D  s tu d e n ts h ip  su p p o r t a re  a ll a ls o  g ra te fu l ly  a c k n o w le d g e d  
by  JR H . T h e  R o y a l S o c ie ty  fu n d e d  JR H  w ith  a c o n fe re n c e  trave l 
a w a rd  to  C a lc u tta  fo r  th e  P ro fe s s o r  K  B a n e rje e  B irth  C e n te n n ia l 
C o n fe re n c e  c e le b ra tio n  h e ld  in S e p te m b e r  20(X).
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